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Impacts and Management of Hemlock Woolly Adelgid in 
National Parks of the Eastern United States
Scott R. Abella*
Abstract - Introduced forest pests and pathogens are a major threat to national parks. This 
paper reviews existing impacts, projected impacts, and management options for Tsuga ca-
nadensis  (Eastern Hemlock) forests in US national parks threatened by the introduced insect 
Adelges tsugae+HPORFN:RROO\$GHOJLG>+:$@(LJKW\¿YHQDWLRQDOSDUNVRURIDOO







tor experiences and safety have already been reported from these parks. A general principle 
is that after Eastern Hemlock forest decline, some species (e.g., some avian species favor-
LQJRWKHUWUHHVSHFLHVEHQH¿WZKLOHWKRVHDVVRFLDWHGZLWK(DVWHUQ+HPORFNPXVWDGDSWRU
decline. Forecasting future forest-tree composition is complicated by the fact that: (i) many 
possible replacement tree species are themselves threatened by introduced damaging agents, 
(ii) changes hinge upon understory dynamics such as invading exotic plants or expansion of 
native shrubs, and (iii) this die-off event is occurring within a context of multiple interact-
ing factors such as elevated herbivory, climate change, and atmospheric pollution. Some 
management strategies for parks include: intensive HWA chemical treatment at priority sites, 
biocontrol, genetic manipulation for HWA resistance in Eastern Hemlock, exotic plant treat-
ment, facilitated establishment of native vegetation, or doing nothing, the last of which also is 
likely to result in appreciable forest change. Threats to US national parks posed by introduced 
forest pests and pathogens warrant heightened attention.
Introduction
 The potential for introduced forest pests and pathogens to degrade resources of 
QDWLRQDOSDUNVLVIRUPLGDEOH7KH2UJDQLF$FW6WDW)FUHDWHGWKH1D-
WLRQDO3DUN6HUYLFH136ZLWKWKHORQJWHUPPLVVLRQRIFRQVHUYLQJXQLPSDLUHG
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VLJQL¿FDQFH136)RUHVWGLHRIIVFDXVHGE\LQWURGXFHGSHVWVDQGSDWKRJHQV
could meet criteria for impairment because indigenous forests represent inherent 
UHVRXUFHYDOXHVIRUHVWVLQÀXHQFHPDQ\RWKHUQDWXUDODQGFXOWXUDOUHVRXUFHYDOXHV
and multiple human generations are required for old forests to develop. 
 Reducing or forestalling degradation from introduced forest-damaging agents 
LVDPDMRUFKDOOHQJHIRUWKH136DQGRQHWKDWLVH[SHFWHGWRLQFUHDVHLQGLI¿FXOW\
-HQNLQV  1XPHURXV H[DPSOHV RIPDMRU DOWHUDWLRQV WR IRUHVW VSHFLHV FRP-
SRVLWLRQ FDXVHG E\ LQWURGXFHG RUJDQLVPV DOUHDG\ H[LVW /LHEKROG HW DO $
FODVVLFH[DPSOHLQHDVWHUQ1RUWK$PHULFDLVCastanea dentata (Marshall) Borkh. 
$PHULFDQ&KHVWQXW7KLVQDWLYHWUHHZDVHOLPLQDWHGDVDGRPLQDQWFDQRS\VSH-






still expanding their ranges, further underscoring their potential to impact national 
parks. The introduced insect Adelges tsugae Annand (Hemlock Woolly Adelgid 
[HWA]) that is killing Tsuga canadensis/&DUULqUH(DVWHUQ+HPORFNWUHHVLQ
HDVWHUQ1RUWK$PHULFDH[HPSOL¿HVWKHW\SHRIUHFHQWLPSDFWDOUHDG\LQFXUUHGDQG
VXJJHVWVWKHSRWHQWLDOIRUIXWXUHLPSDFWVWRSDUNV(VFKWUXWKHWDO0RUHRYHU
responses to this introduced pest illustrate issues in contemporary management that 
seek to reduce impacts or facilitate forest adaptation to damaging agents in parks 
-RKQVRQHWDO
 This review has three focus areas. First, it summarizes Eastern Hemlock ecol-
ogy, HWA ecology, and the value of Eastern Hemlock forests to parks threatened 
by HWA. Second, it synthesizes data regarding existing and potential impacts of 
HWA to four large HWA-infested parks where research has been conducted, and 
then broadens discussion of potential impacts by including lands surrounding parks. 
Third, it discusses potential management strategies for Eastern Hemlock forests in 
DQDWLRQDOSDUNFRQWH[WDQGSUHVHQWVLGHDVIRULQWHJUDWLRQRIIRUHVWKHDOWKZLWK136
SURJUDPV7KLVHPSKDVLVRQ136ODQGVIRUWKH+:$WKUHDWLVWLPHO\EHFDXVHZKLOH
a large body of literature is accumulating on HWA, national parks have some unique 
considerations that differ from other lands. Moreover, several aspects of HWA man-
agement, such as release of biocontrols or long-term genetic manipulation for HWA 
resistance in Eastern Hemlock, illuminate challenges faced by managers who must 
FRPSO\ZLWKH[LVWLQJ136SROLF\
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FDQVXUYLYHZLWKRQO\IXOOVXQOLJKW*RHUOLFKDQG1\ODQG7KHVORZJURZ-
ing species can remain as a suppressed seedling or sapling for centuries, but given a 
FDQRS\RSHQLQJDWDQ\SRLQWDIWHUVHHGOLQJHVWDEOLVKPHQWLWFDQJURZ§FP\ULQ
GLDPHWHU*RGPDQDQG/DQFDVWHU(DVWHUQ+HPORFNUHOLHVRQDVHHGOLQJEDQN
for recruitment, because while seed production is plentiful, seeds stored in the soil 
UDUHO\UHWDLQYLDELOLW\PRUHWKDQRQH\HDU+LOOH5LV/DPEHUVHWDO&RQHVDQG
WKHVHHGVLQVLGHWKHPDUHVPDOODQGWKHVHHGVDUHZLQGGLVSHUVHGVWDUWLQJLQ2FWREHU
and continuing through winter, depending on geographic location (Goerlich and 
1\ODQG7KHVSHFLHVGRHVQRWUHVSURXWLIFXW2UZLJDQG)RVWHU(DVWHUQ
Hemlock is susceptible to several native and exotic fungi (e.g., root rots) and insects 
that can damage or kill trees, but none are presently as devastating as HWA. Hem-
ORFN¶VXQLTXHFRPELQDWLRQRIODUJHVL]HORQJHYLW\VKDGHWROHUDQFHDQGHYHUJUHHQ
growth form is not readily replaced by other eastern tree species.
 Eastern Hemlock has high moisture requirements, is susceptible to drought, and 
PLJKWKDYHUHGXFHGUHVLVWDQFHWRGDPDJLQJDJHQWVRQGU\VLWHV2UZLJHWDO
In the southern part of its range, Eastern Hemlock typically is most dominant on 
moist sites near streams, in drainages, or on topographically protected sites or north 





merous other tree species varying within landscapes and among regions of its range 
(YDQVHWDO7KXVH[WLUSDWLRQRI(DVWHUQ+HPORFNZRXOGUHVXOWLQFRPSOHWH
stand replacement in pure Eastern Hemlock stands or alteration of mixed-species 
VWDQGV)LJ
 (DVWHUQ +HPORFN¶V UHFHQW ELRJHRJUDSKLF KLVWRU\ UHYHDOV WKDW DPDMRU GHFOLQH





DQGSUHFLSLWDWLRQGHFUHDVHGIURPWRFP\U3ROOHQRIPinus spp. (pine), Betula 
spp. (birch), Fagus spp. (beech), Ulmus spp. (elm), Acer spp. (maple), and Quercus 
VSSRDNLQFUHDVHGRUZDVPDLQWDLQHGGXULQJD\USHULRGIURPWKHVWDUWRI
(DVWHUQ+HPORFN¶VGHFOLQHXQWLO\HDUVDJRZKHQ(DVWHUQ+HPORFNEHJDQ
increasing. Thus, while Eastern Hemlock suffered a fairly recent major decline, it 
LVQRW WKRXJKW WREHDV VHYHUHDV WRGD\¶V+:$LQGXFHGFROODSVH0RUHRYHUQHZ
stressors are prevalent (e.g., introduced organisms affecting tree species that in-
FUHDVHGGXULQJ+HPORFN¶VSDVWGHFOLQHWKDWFRXOGLQÀXHQFHIRUHVWFKDQJHV)RUGHW
DO6PDOOHWDO6Q\GHUHWDO
Value of Eastern Hemlock forests
 Eastern Hemlock is considered a foundation species because it performs a unique 
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HDVWHUQ1RUWK$PHULFDQIRUHVWV(OOLVRQHWDO9RVHHWDO7KLVVSHFLHV
plays a role in microclimate amelioration, watershed stabilization, soil ecology, and 
nutrient cycling, as well as affecting plant species composition in forest communi-
ties and wildlife habitat. Eastern Hemlock also has aesthetic and economic value 
IRUKXPDQV7DEOH
 Because of its evergreen foliage and high crown-bulk density, Eastern Hem-
lock creates a unique microclimate that moderates conditions throughout the year. 
In summer, its foliage creates a dark, cool, moist microclimate below its canopy 
that has important implications for habitat and watershed functions. In the south-
HUQ$SSDODFKLDQ0RXQWDLQVRI1RUWK&DUROLQDIRUH[DPSOH:HEVWHUHWDO









ORFN:RROO\$GHOJLGZLWKLQ*UHDW 6PRN\0RXQWDLQV1DWLRQDO 3DUN WRPDLQWDLQ (DVWHUQ
+HPORFNDORQJULSDULDQDUHDVSKRWRE\65$EHOOD$XJXVWG7UDLOGDPDJHIURP
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IRXQGWKDWVQRZGHSWKZDVORZHUDQGPLQLPXPWHPSHUDWXUHDYHUDJHG&
warmer in Eastern Hemlock forests than hardwood forests. Eastern Hemlock also 
LQÀXHQFHVVWUHDPÀRZVWUHDPZDWHUWHPSHUDWXUHZDWHUFKHPLVWU\DQGOLJKWDYDLO-
















  Eastern Hemlock forests support a unique assemblage of understory plants, 
and total understory cover is low unless dominant, shade-tolerant shrubs such as 
Rhododendron spp. (azalea, laurel) are present. In the southern Appalachians, for 
example, species such as Hexastylis shuttleworthii (Britten and Baker f.) Small 
/DUJHÀRZHU +HDUWOHDI Mitchella repens / 3DUWULGJHEHUU\ DQG Leucothoe 
fontanesiana (Steud.) Sleumer (Highland Doghobble) were more important in 
7DEOH)XQFWLRQVRI(DVWHUQ+HPORFNZLWKLQHFRV\VWHPVDQGIRUKXPDQV
Function Examples Example reference
0LFURFOLPDWHFUHDWLRQ $OO\HDUORZOLJKWHQYLURQPHQWPRGHUDWH :HEVWHUHWDO





    debris production
)LVKKDELWDW 8QLTXHLQVWUHDPLQVHFWDQG¿VKFRPSRVLWLRQ 5RVVHWDO
,QYHUWHEUDWHKDELWDW 8QLTXHFRPPXQLWLHVVRPHVSHFLHVSUHIHU ,QJZHOOHWDO





    biological communities
$HVWKHWLFV (YHUJUHHQWUHHVYDOXHGIRUWKHLUDSSHDUDQFH (OOLVRQHWDO
5HFUHDWLRQ +HPORFNORFDWLRQQHDUZDWHUDPHOLRUDWHG 4XLPE\




2014 Vol. 13, Special Issue 6
Eastern Hemlock forests than anywhere else on the landscape (Abella and Shel-
EXUQHRhododendron maximum/*UHDW5KRGRGHQGURQDODUJHHYHUJUHHQ
shrub, often dominates understories of Eastern Hemlock forests in the South. In 
QRUWKHUQ IRUHVWV5RJHUV  FRQFOXGHG WKDW XQGHUVWRULHV RI(DVWHUQ+HPORFN
IRUHVWVH[KLELWHGVLJQL¿FDQWUHJLRQDOYDULDWLRQDQGZHUHVWUXFWXUDOO\XQLTXHZLWKLQ
landscapes. Eastern Hemlock forest understories contained abundant woody plants 
HVSHFLDOO\WUHHVHHGOLQJVHYHUJUHHQSODQWVDQGIHUQV5RJHUV
 Eastern Hemlock contributes to landscape-scale wildlife diversity in at least 
three ways by supporting: (i) some species largely restricted to Eastern Hemlock 
forests, (ii) some species associated with other habitats but present in Eastern 
Hemlock forests, and (iii) unique wildlife assemblages contributing to overall di-
YHUVLW\ZLWKLQODQGVFDSHV5RVVHWDO<DPDVDNLHWDO,Q:LVFRQVLQIRU
LQVWDQFH+RZHDQG0RVVPDQIRXQGWKDWWKHELUGVSHFLHVDendroica fusca 
Müller (Blackburnian Warbler) and Troglodytes troglodytes9LHLOORW:LQWHU:UHQ
ZHUHWKUHHWLPHVDVIUHTXHQWLQ(DVWHUQ+HPORFNDVLQKDUGZRRGIRUHVWV<DPDVDNL
HWDOQRWHGWKDWELUGDQGPDPPDOVSHFLHVZHUHDVVRFLDWHGZLWK(DVW-
ern Hemlock forests in northeastern states.
 (DVWHUQ+HPORFNSURYLGHVQXPHURXVEHQH¿WVWRKXPDQVERWKLQVLGHDQGRXWVLGH
park settings. Many ecological functions provided by Eastern Hemlock, such as 
watershed functions, are also important to humans. Although timber production 
is not a goal in parks, Eastern Hemlock was a source of timber and tannins in the 
past, and pre-emptive logging of Eastern Hemlock on non-park lands before HWA-
LQGXFHGPRUWDOLW\LVDQLPSRUWDQWFRQWHPSRUDU\LVVXH.L]OLQVNLHWDO:KLOH
ecological tradeoffs characterize pre-emptive logging, Eastern Hemlock is at least 
WHPSRUDULO\SURYLGLQJOXPEHURQVRPHODQGV2UZLJHWDO3DUWO\EHFDXVHRI
their frequent occurrence near streams, Eastern Hemlock forests are areas of human 
UHFUHDWLRQDQGYDOXHGIRUDHVWKHWLFV4XLPE\
HWA Autecology and Dynamics
 +:$ LV D VPDOO  PP ORQJ DSKLGOLNH LQVHFW WKDW LV UHGGLVKEURZQ WR
purplish-black in color. Its name comes from its woolly white appearance, which de-
YHORSVDVLWPDWXUHVDQGSURGXFHVDFRYHULQJRIZRROOLNHZD[¿ODPHQWVWRSURWHFWLWV
eggs. HWA is considered native to Japan where it inhabits forests containing Tsuga 
sieboldii&DUU6RXWKHUQ-DSDQHVH+HPORFN+DYLOOHWDO7KHLQVHFWLVFRQ-
sidered a relatively innocuous component in its native range where, apparently, its 
SRSXODWLRQLVNHSWORZE\KRVWUHVLVWDQFHDQGQDWXUDOHQHPLHV,Q&RQQHFWLFXW0F-
&OXUHGHVFULEHGWKUHHDQQXDO+:$JHQHUDWLRQVDQRYHUZLQWHULQJJHQHUDWLRQ
and two types of spring generations. All generations have six stages of development: 




 6RXWR HW DO  QRWHG WKDW +:$ ZDV ¿UVW UHSRUWHG LQ WKH HDVWHUQ 86 LQ
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spread slowly through the mid-Atlantic states and was considered a pest only to 
ornamental trees in urban environments and readily controllable using insecticides 
6RXWRHWDO+RZHYHUSRWHQWLDOO\DLGHGE\VSUHDGIURPDKXUULFDQH
HWA continued dispersing to reach extensive natural stands of Eastern Hemlock, 
and damage to Eastern Hemlock forests began increasing exponentially. As Havill 
HWDOVXPPDUL]HG+:$KDVQRWFRHYROYHGZLWKHDVWHUQ1RUWK$PHULFDQ
forest ecosystems, and as a result, Eastern Hemlock cannot resist or tolerate HWA 
feeding, and the native community of natural enemies cannot keep HWA popula-
tions below damaging levels. 
 7HPSHUDWXUHDSSHDUVLPSRUWDQWLQ+:$SRSXODWLRQG\QDPLFVDQGVSUHDG3DUD-
GLVHWDO0DMRUGHFOLQHVLQ+:$SRSXODWLRQVLQHDVWHUQ1RUWK$PHULFDKDYH
IROORZHG FROG \HDUV EXW SRSXODWLRQV VXEVHTXHQWO\ UHERXQGHG +:$¶V QRUWKHUQ
VSUHDG DOVR VHHPV WHPSHUDWXUHOLPLWHG0F&OXUH  QRWHG WKDW+:$V LQWUR-
GXFHG WR HDVWHUQ 1RUWK$PHULFD ZHUH DSSDUHQWO\ IURP D QRQFROGKDUG\ VWUDLQ
because Japan has some other HWA populations that persist at low temperatures. 
&OLPDWLFZDUPLQJFRXOGDFFHOHUDWH+:$¶VPRYHPHQWQRUWKZDUGEXWLWVKRXOGQRW
be assumed that warming is needed for this to occur because of potential adaptive 
DELOLW\RI+:$LQWKHFXUUHQWFOLPDWH%XWLQHWDO0RULQHWDOUH-
SRUWHGWKDW+:$KDVVSUHDGDWDQDYHUDJHUDWHRI±NP\HDUDQGWKH\IXUWKHU
noted that faster spread can occur through long-distance transport such as by hu-
mans inadvertently moving infested material.




1DWLRQDO +LVWRULFDO 3DUN .LQJ RI 3UXVVLD 3$$QWLHWDP 1DWLRQDO %DWWOHILHOG
6KDUSVEXUJ0'*HWW\VEXUJ1DWLRQDO0LOLWDU\3DUN*HWW\VEXUJ3$+RSHZHOO
&XOWXUH 1DWLRQDO +LVWRULFDO 3DUN &KLOOLFRWKH 2+$SSDODFKLDQ 1DWLRQDO 6FH-
QLF 7UDLO *$±0( DQG LQ WKH ODUJHVW HDVWHUQ SDUNV LQFOXGLQJ *UHDW 6PRN\
0RXQWDLQV 1DWLRQDO 3DUN *6013 *DWOLQEXUJ 71 6KHQDQGRDK 1DWLRQDO
3DUN /XUD\ 9$ 6OHHSLQJ %HDU 'XQHV 1DWLRQDO /DNHVKRUH (PSLUH 0, DQG
$FDGLD1DWLRQDO3DUN%DU+DUERU0(%DVHGRQ±+:$GLVWULEXWLRQ
maps, HWA had not spread into northern Maine and was not reported in Acadia 
1DWLRQDO 3DUN +DUULV HW DO ZDV DEVHQW IURP WKH XSSHU*UHDW/DNHV LQ-
cluding parks in Michigan and Wisconsin, and had not reached disjunct Eastern 
+HPORFN SRSXODWLRQV LQ ZHVWHUQ .HQWXFN\ LQ 0DPPRWK &DYH 1DWLRQDO 3DUN
0DPPRWK&DYH.< 86)RUHVW 6HUYLFH )RUHVW+HDOWK7HFKQRORJ\(QWHUSULVH
7HDPKWWSIRUHVWKHDOWKIVXVGDJRYSRUWDO
 Some isolated populations of Eastern Hemlock exist in western Georgia, Ken-
WXFN\DQG,QGLDQDZKLFKLQFOXGHVRPHQDWLRQDOSDUNXQLWVVXFKDV0DPPRWK&DYH
1DWLRQDO3DUN)LJ7KHGLVMXQFWSRSXODWLRQVPLJKWDIIRUGVRPHRSSRUWXQLW\WR










7UDLO IRU ZKLFK UHFRUGV ZHUH QRW DYDLODEOH WKH  RWKHU SDUNV KDYH UHFHLYHG D











 Eastern Hemlock mortality after HWA infestation can be rapid and pervasive 
)RUG HW DO 7KHUH LV VRPHHQFRXUDJLQJ UHFHQW LQIRUPDWLRQ KRZHYHU WKDW
Eastern Hemlock mortality can be a slower process in some situations, at least in 
)LJXUH5DQJHRI(DVWHUQ+HPORFNFRUUHVSRQGLQJZLWKGLVWULEXWLRQRI1DWLRQDO3DUN6HU-
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QRUWKHUQ DUHDV WKDQZDV SUHYLRXVO\ WKRXJKW (VFKWUXWK HW DO 2UZLJ HW DO
 /RQJWHUPPRQLWRULQJ LQ'HODZDUH:DWHU*DS1DWLRQDO 5HFUHDWLRQ$UHD
':*15$LQ1-3$UHYHDOHGWKDWRILQIHVWHG(DVWHUQ+HPORFNWUHHVRULJL-
QDOO\PRQLWRUHG LQ  UHPDLQHG DOLYH  \HDUV ODWHU LQ  (VFKWUXWK HW DO
0RUWDOLW\LQERWKQRUWKHUQ2UZLJHWDODQGVRXWKHUQUHJLRQV0DUWLQ
DQG*RHEHOLVWKRXJKWWRRFFXUPRVWTXLFNO\DQGEHPRVWH[WHQVLYHRQGU\
sites where Eastern Hemlock trees are stressed. Duration of HWA infestation, how-
HYHUFDQRYHUZKHOPLPSRUWDQFHRIRWKHUVLWHIDFWRUV WKDW LQÀXHQFH WKHKHDOWKRI
(DVWHUQ+HPORFNIRUHVWV0DUWLQDQG*RHEHO5HQWFKHWDO'URXJKWV
seem to be associated with rapid HWA-induced Eastern Hemlock mortality, e.g., 
WKHUDSLGPRUWDOLW\RIWHQ\HDUVUHFRUGHGLQ*6013GXULQJDPLGVGU\
SHULRG -:HEVWHU *6013 *DWOLQEXUJ 71 SHUV FRPP 2XU FXUUHQW XQGHU-
standing suggests that Eastern Hemlock mortality rates partly depend on site and 
climatic conditions and can be rapid (within a few years) or slow over a period 
RIGHFDGHV5HFHQW¿QGLQJV DOVR VXJJHVW WKDW IXUWKHU UHVHDUFK WR FODULI\ VLWH DQG
climatic factors affecting Eastern Hemlock mortality patterns is warranted to help 
SULRULWL]H+:$PDQDJHPHQWWUHDWPHQWV(VFKWUXWKHWDO0DUWLQDQG*RHEHO
5HQWFKHWDO,WVKRXOGEHQRWHGWKDWWKHVHUHFHQWVWXGLHVLQGLFDWHWKDW
while slowed mortality at least in some cases is encouraging, the total mortality 
7DEOH1DWLRQDO3DUN6HUYLFHXQLWVH[FHHGLQJKDFRQWDLQLQJ(DVWHUQ+HPORFNIRUHVWV13 
1DWLRQDO3DUN1/ 1DWLRQDO/DNHVKRUH15 1DWLRQDO5LYHU1+3 1DWLRQDO+LVWRULF3DUNDQG
15$ 1DWLRQDO5HFUHDWLRQ$UHD
 6WDWHV 6L]HKD +HPORFNKDA 3RO\JRQVA AdelgidB
$FDGLD13 0(   
$SRVWOH,VODQGV1/ :,   
$SSDODFKLDQ1DWLRQDO 0(WR*$  ± ± î
   Scenic Trail
%LJ6RXWK)RUN15DQG15$ .<71   ± î
%OXH5LGJH3DUNZD\ 1&9$  ± ± î
&KHVDSHDNHDQG2KLR 0''&:9  ± ± î
&DQDO1+3
&DWRFWLQ0RXQWDLQ3DUN 0'  ± ± î
&XPEHUODQG*DS1+3 .<719$    î
&X\DKRJD9DOOH\13 2+  ± ±
'HODZDUH:DWHU*DS15$ 1-3$    î
*UHDW6PRN\0RXQWDLQV13 711&  & & î
0DPPRWK&DYH13 .<   
1HZ5LYHU*RUJH15 :9    î
3LFWXUHG5RFNV1/ 0,   
6KHQDQGRDK13 9$   ± î
6OHHSLQJ%HDU'XQHV1/ 0,   
A9HJHWDWLRQPDSSLQJFRXOG LQFOXGHDEXIIHUDUHDVXUURXQGLQJSDUNVDQG WKHSHUFHQWDJHRI(DVWHUQ
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is frequently extensive, and that trees weakened by HWA are susceptible to other 
pests, windthrow, and other mortality-causing agents. Additionally, dieback of 
Eastern Hemlock tree crowns, even when trees have not died, can have ecological 
HIIHFWVGXHWRFKDQJHVLQOLJKWDYDLODELOLW\DQGRWKHUIDFWRUV(VFKWUXWKHWDO
 Research regarding existing and projected HWA impacts has been published 
IRU IRXU 136 XQLWV FXUUHQWO\ LQIHVWHG E\+:$ 7DEOH $YDLODEOH UHVHDUFK RQ
LPSDFWV WRYHJHWDWLRQ IXQJLZDWHUVKHGV¿VKHULHVZLOGOLIH DQG LQYHUWHEUDWHV LV
VXPPDUL]HGLQWKHIROORZLQJVHFWLRQVIRU':*15$1-3$*60131&71
6KHQDQGRDK1DWLRQDO3DUN9$DQG1HZ5LYHU*RUJH1DWLRQDO5LYHU:9WRLO-
lustrate types of impacts to parks and their broad geographic extent.
Delaware Water Gap National Recreation Area
 +:$ZDVGHWHFWHGLQ':*15$LQDQGWKHSDUNKDVWKHORQJHVWWHUPPRVW
extensively reported monitoring of HWA infestation, Eastern Hemlock decline, and 












     hardwood streams
$TXDWLFLQYHUWHEUDWHVGLIIHUHGEHWZHHQ(DVWHUQ+HPORFNDQG 6Q\GHUHWDO
     hardwood streams
*UHDW6PRN\0RXQWDLQV1DWLRQDO3DUN
8QLTXHIXQJDOFRPPXQLWLHVDVVRFLDWHGZLWK(DVWHUQ+HPORFN %DLUGHWDO
     including species new to science
%RWK$GHOJLGDQGFKHPLFDOWUHDWPHQWVIRU+:$FDQDIIHFW )DOFRQHDQG'H:DOG
     insects and birds
(YHUJUHHQVKUXE*UHDW5KRGRGHQGURQPLJKWDIIHFWWUHHDQG .UDSÀHWDO
     understory plant changes
,QVWUHDPOLJKWLQFUHDVHGRYHUDOOEXW*UHDW5KRGRGHQGURQFRXOG 5REHUWVHWDO
     mollify aquatic changes
6KHQDQGRDK1DWLRQDO3DUN
2YHUDOODUWKURSRGDEXQGDQFHFRXOGLQFUHDVHEXWDWH[SHQVHRI 5RKUHWDO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FRQVHTXHQWHFRORJLFDOLPSDFWVLQWKHQDWLRQDOSDUNV\VWHP(YDQV(YDQVHW
DOSURYLGHGDQHDUO\SURMHFWLRQRIDQWLFLSDWHG+:$LPSDFWVJDSLQ¿OOLQJ
by tree species such as Betula alleghaniensis%ULWWRQ<HOORZ%LUFKDQGAcer ru-
brum/5HG0DSOHUHGXFHGEU\RSK\WHDEXQGDQFHLQFUHDVHGRYHUDOODEXQGDQFH
RI XQGHUVWRU\ SODQWV LQFOXGLQJPRUH H[RWLF SODQWV LQFUHDVHG VRLO 1 DYDLODELOLW\
increased understory and stream light levels and temperatures, reduced populations 
of native Salvelinus fontinalis Mitchill (Brook Trout), and reduced populations of 
birds strongly associated with Eastern Hemlock. Subsequent studies allow evalua-









reduction would only be appreciable during the leaf-on growing season because 
these tree species were deciduous. Understory-tree relative density changes were 
GLI¿FXOW WR GLVFHUQ DVFagus grandifolia Ehrh. (American Beech) increased by 
four-fold at one site but not another, and relative density of other species such as 
Red Maple and Betula lenta/6ZHHW%LUFKFKDQJHGOLWWOH$V(YDQVHWDO
SUHGLFWHGRYHUDOOXQGHUVWRU\SODQWFRYHUPRUHWKDQGRXEOHGIURP±EXW
UHPDLQHGEHORZ)XWXUHWUHHVSHFLHVFRPSRVLWLRQRIIRUPHU(DVWHUQ+HPORFN
IRUHVWV LVGLI¿FXOW WRSUHGLFWEHFDXVHRI WKHQXPHURXVIDFWRUV WKDWFDQDIIHFW WUHH
establishment. For example, Odocoileus virginianus Zimmermann (White-Tailed 
'HHUGHQVLW\H[FHHGVDQLPDOVNP LQ':*15$DQG WKHVHDQLPDOVFDQGUD-
PDWLFDOO\ LQÀXHQFH IRUHVW FKDQJH IROORZLQJ(DVWHUQ+HPORFNGHFOLQH (VFKWUXWK
DQG%DWWOHV
 Some studies have not supported the prediction that native bryophyte 
abundance would decline but have supported the prediction that exotic plant 
FRYHU ZRXOG LQFUHDVH SRVW+:$ &OHDYLWW HW DO  UHSRUWHG WKDW EU\R-
SK\WHFRYHUGRXEOHG IURP SUH+:$ WR DERXW\HDUVSRVW+:$
with increases in species such as Dicranum montanum Hedw. (Montane Dicra-
num Moss) and Brachythecium rutabulum (Hedw.) Schimp. (Brachythecium 
0RVV DV ZHOO DV VSHFLHV DVVRFLDWHG ZLWK FRDUVH ZRRG\ GHEULV &OHDYLWW HW DO
 IXUWKHU QRWHG XQFHUWDLQW\ DERXW KRZ ORQJ EU\RSK\WHVPLJKW FRQWLQXH WR
increase, and discussed factors such as establishment of hardwood trees and 
shrubs that could affect future bryophyte composition. Eschtruth and Battles 
 IRXQG WKDWH[RWLFSODQWV LQFUHDVHGZLWK OLJKWDYDLODELOLW\ IROORZLQJ(DVW-
ern Hemlock mortality. Moreover, White-Tailed Deer herbivory interacted with 
Eastern Hemlock mortality to further increase exotic plants while decreasing 
native plants. The priority exotic plants Alliaria petiolata 0 %LHE &DYDUD




2014 Vol. 13, Special Issue 6
Microstegium vimineum7ULQ$&DPXV1HSDOHVH%URZQWRSDOOLQFUHDVHGRXW-
side of exclosures open to deer herbivory in HWA-affected forests. 
 6Q\GHUHWDODQG5RVVHWDOKLJKOLJKWHGSRWHQWLDO+:$LPSDFWV
WRZDWHUVKHG IXQFWLRQV DQG DTXDWLF HFRV\VWHPV LQ WKH SDUN 6Q\GHU HW DO 
found that aquatic invertebrate composition was strongly correlated with forest 
composition (Eastern Hemlock versus hardwood forests). Streams draining East-
HUQ+HPORFNIRUHVWVKDGRIWKHLUDTXDWLFWD[DVWURQJO\DVVRFLDWHGZLWK(DVWHUQ
Hemlock, and species evenness (one component of diversity) was higher in streams 
running through Eastern Hemlock than hardwood forests. The authors concluded 
that declines in Eastern Hemlock indicated potential for reductions in within-stream 
DQGSDUNZLGHEHQWKLFGLYHUVLW\5RVVHWDOIRXQGWKDWQDWLYH%URRN7URXW
were three times as prevalent in Eastern Hemlock as in hardwood forest streams. 
Fish species richness did not differ between Eastern Hemlock and hardwood forest 
streams, suggesting that changes might be mostly compositional.
 Two studies in the park have examined relationships of bird species with Eastern 
+HPORFNIRUHVWV5RVVHWDOUHSRUWHGWKDWELUGVSHFLHVULFKQHVVZDVJUHDWHU
in hardwoods than in Eastern Hemlock forests, but four bird species strongly asso-
ciated with Eastern Hemlock were at risk. These four were insectivorous species in-
cluding Empidonax virescens9LHLOORW$FDGLDQ)O\FDWFKHUVireo solitarius Wilson 
%OXH+HDGHG9LUHRDendroica virens Gmelin (Black-Throated Green Warbler), 
and Dendroica fusca0OOHU %ODFNEXUQLDQ:DUEOHU$OOHQ HW DO  IXUWKHU





Hemlock-associated species such as the Acadian Flycatcher have declined. These 
species will likely decline further unless they adapt to changing habitat conditions.
Great Smoky Mountains National Park
 +:$ZDV¿UVW LGHQWL¿HG LQ*6013 LQ  /DPEGLQ HW DO  DQG SR-
WHQWLDOO\EHFDXVHRIWKHSDUN¶VVRXWKHUO\ORFDWLRQDQGVXEVHTXHQWGURXJKW(DVWHUQ
Hemlock trees died rapidly, often within a few years of HWA infestation (Ford et 
DO.UDSÀHWDOPHDVXUHGSORWVHVWDEOLVKHGLQWKHSDUNLQ
EHIRUHIXOO+:$LQIHVWDWLRQDQGUHVDPSOHGWKHSORWVLQ±ZKHQDOO






existed in relative stem density (excluding Eastern Hemlock) of species between 
DQG7KHDXWKRUVK\SRWKHVL]HGWKDWLQPDQ\DUHDVIXWXUHVSHFLHV
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Great Rhododendron, which might partly buffer changes in light transmission to 
WKHIRUHVWÀRRUIURP(DVWHUQ+HPORFNGLHRII.UDSÀHWDO
 Fungi were compared among tree species and between HWA-damaged and 
KHDOWK\EDUNRI(DVWHUQ+HPORFNWUHHVE\%DLUGHWDO0LFURIXQJDO
DVVHPEODJHVGLGQRWGLIIHUEHWZHHQGDPDJHGDQGKHDOWK\EDUNZLWKLQ§±\HDUV
of HWA infestation. A rare fungus, Thysanophora canadensis Stolk and Hennebert, 
occurred only on Eastern Hemlock, raising the possibility that this fungal species 
LVDWULVNIURP(DVWHUQ+HPORFNPRUWDOLW\%DLUGHWDO:LWKRYHUIXQJDO
VSHFLHVQHZWRWKHSDUNGLVFRYHUHGLQ±GXULQJDQ$OO7D[D%LRGLYHUVLW\
Inventory, the possibility exists that numerous little-known organisms such as fungi 
might be impacted by HWA before we even know the species exist in parks (Baird 
HWDO
 )DOFRQH DQG 'H:DOG  FRPSDUHG DUWKURSRGV DQG LQVHFWLYRURXV ELUGV
between HWA-infested Eastern Hemlock stands treated with insecticide for two 
years and untreated HWA-infested stands. The study did not detect differences 
in total arthropod abundance or density of insectivorous birds between ongoing 
treatment areas and untreated stands. However, herbivorous Hemiptera and larval 
/HSLGRSWHUDZHUHVLJQL¿FDQWO\ORZHULQWUHDWHGVWDQGV7KLVLOOXVWUDWHGWKHSRWHQ-
WLDOIRUQRQWDUJHWWUHDWPHQWHIIHFWV)DOFRQHDQG'H:DOGDQGDGLI¿FXOW\LQ
evaluating impacts of both HWA and counter-treatments: lack of unaffected Eastern 
Hemlock reference sites for comparison.
 5REHUWV HW DO  FRPSDUHGFKDUDFWHULVWLFVRI VWUHDPV LQ WKHSDUNÀRZLQJ
through paired Eastern Hemlock and hardwood forests to project potential changes 
if hardwoods replaced Eastern Hemlock. Unlike studies elsewhere, little relation-
ship between forest type and stream characteristics of discharge, water temperature, 
S+DQG121FRQFHQWUDWLRQZDVHYLGHQWRYHUDRQH\HDUSHULRG7KHUHZHUHVRPH
differences in light levels (mainly during the leaf-off period of deciduous trees), but 
SUHVHQFHRI*UHDW5KRGRGHQGURQPRGHUDWHGGLIIHUHQFHV/LJKWOHYHOVLQKDUGZRRG
forests with Great Rhododendron understories resembled light levels of streams 
LQ(DVWHUQ+HPORFNIRUHVWV7KHLUVWXG\FRPELQHGZLWK.UDSÀHWDOVXJ-
JHVWHGWKDW*UHDW5KRGRGHQGURQG\QDPLFVPLJKWLQÀXHQFHQXPHURXVFKDQJHVDIWHU
Eastern Hemlock trees die within parks. 
Shenandoah National Park
 :LOOHIRUG%DLUGHVFULEHGQHWZRUNVRISORWVHVWDEOLVKHGLQDQG
WR PRQLWRU WKH FRQGLWLRQ RI (DVWHUQ +HPORFN WUHHV )URP ± WKH SHU-
centage of Eastern Hemlock trees in the excellent crown-condition class dropped 
VKDUSO\IURPWRQHDU]HURZLWKPRUWDOLW\:KLOH(DVWHUQ+HPORFNWUHHV
at higher elevations were still impacted by HWA, crown condition on average was 
WZLFHDVJRRGDWHOHYDWLRQVDERYHPWKDQEHORZ7KLV¿QGLQJZDVFRQVLVWHQW
with observations that HWA populations currently seem limited by cold tempera-
WXUHV0RULQHWDO:LOOHIRUG%DLUPDGHWKHLPSRUWDQWSRLQWWKDWRWKHU
factors being equal, high-elevation Eastern Hemlock populations may warrant spe-
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 Another study in the park compared arthropod assemblages in Eastern Hemlock 




New River Gorge National River
 0DUWLQDQG*RHEHOXVHGDWR\HDUFKURQRVHTXHQFHRIWLPHVLQFH
LQYDVLRQRI+:$WRHYDOXDWHG\QDPLFVLQ(DVWHUQ+HPORFNIRUHVWVLQ:HVW9LUJLQLD
DQG 9LUJLQLD ULSDULDQ DUHDV LQFOXGLQJ DORQJ WKH 1HZ 5LYHU$V:LOOHIRUG %DLU
 IRXQG(DVWHUQ+HPORFNGHFOLQHZDVPRGHUDWHG DW WKHKLJKHVW HOHYDWLRQV
and in topographic positions with the coolest temperatures, but time since inva-
sion of HWA was the primary factor in Hemlock decline. The authors concluded 
that relatively slow decline of Eastern Hemlock stands over a period of years to 
GHFDGHVFKDUDFWHUL]HVWKLVSDUNVLPLODUWR':*15$DQGWKDWZKLOHHOHYDWLRQRU
topography may initially slow the decline, duration of HWA infestation eventually 
SUHGRPLQDWHVWKHG\QDPLFVRILQIHVWDWLRQ%DVHGRQWKH¿QGLQJWKDWVDSOLQJVDQG
seedlings were at least as rapidly affected as canopy trees, the authors projected 
essentially complete mortality of all Eastern Hemlock size classes (Martin and 
*RHEHO7KHDXWKRUVDOVRH[SUHVVHGXQFHUWDLQW\DERXWIXWXUHIRUHVWFRPSRVL-
tion because composition could be contingent upon numerous factors, including 
presence of the exotic, competitive tree Ailanthus altissima (Mill.) Swingle (Tree 
RI+HDYHQZKLFKFRPSULVHGRYHUUHODWLYHEDVDODUHDDWVRPHVLWHV0RUHRYHU
American Beech, a shade-tolerant potential replacement tree, also is under stress 
from infection with the introduced Beech Bark Disease.
Synthesis of impacts
 Understanding HWA impacts within national parks and on other lands surround-
ing parks is important for at least two reasons: connectedness of park ecosystems 
with those of adjacent land (e.g., HWA spread, dispersion of biocontrol species into 
and out of parks, and watershed connectivity), and the potential to extrapolate what 
is learned on other lands and in parks, and apply it in the other. Research regarding 
HWA impacts in national parks is generally consistent with research conducted on 
other lands, and the collective literature has suggested several general principles 
UHODWHGWR+:$LPSDFWV&ROGWHPSHUDWXUHDSSHDUVWROLPLW+:$GLVWULEXWLRQ
DQGZKLOHZDUPLQJ WHPSHUDWXUHVPLJKW H[SHGLWH+:$¶V VSUHDG LW VKRXOG QRW EH
assumed that warming is needed for the continued spread of the infestation given 
+:$¶VDSSDUHQWDGDSWLYHFDSDFLW\%XWLQHWDO3DUDGLVHWDO$OOVL]H
classes of Eastern Hemlock trees have been killed by HWA, and while searching for 
SRWHQWLDOO\UHVLVWDQWWUHHVLVZDUUDQWHGUHVLVWDQFHDSSHDUVORZWRQRQH[LVWHQW9RVH
HWDO(DVWHUQ+HPORFNPRUWDOLW\PLJKWEHIDVWHVWLQZDUPHUUHJLRQVEXWLQ
non-drought periods, mortality at a stand scale might still occur over a period of years 
WRGHFDGHV)RUGHWDO+:$LQFUHDVHVDEXQGDQFHRIGHDGZRRGZKLFK
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(5) There likely will be short-term impacts immediately following Eastern Hemlock 
mortality (e.g., increased light) and longer-term impacts likely contingent upon post-
LQIHVWDWLRQYHJHWDWLRQG\QDPLFV6PDOOHWDO 0DQ\LPSDFWVRI(DVWHUQ
Hemlock mortality to ecosystem functions likely depend on post-infestation forest 
structure and which resulting forest communities become established (Farnsworth 
HWDO7UHHVSHFLHVDQGYHJHWDWLRQWKDWPD\UHSODFH(DVWHUQ+HPORFNIRU-
HVWVDUHGLI¿FXOWWRSUHGLFW2UZLJHWDO&RORQL]LQJYHJHWDWLRQZLOOOLNHO\
be controlled by numerous factors, such as damaging agents (e.g., exotic pests) af-
fecting potential tree species replacements, White-Tailed Deer herbivory, invasion 
of exotic plants, and dynamics of competitive native plant species such as Great 
5KRGRGHQGURQ(VFKWUXWKHWDO,PSDFWVWRHFRV\VWHPIXQFWLRQVDQGYDUL-
ability in colonizing vegetation within landscapes and among regions will likely be 
VXEVWDQWLDO(YDQVHWDO$VZLWKPDQ\HFRORJLFDOHYHQWVVRPHVSHFLHV
ZLOOEHQH¿WIURP(DVWHUQ+HPORFNPRUWDOLW\6SHFLHVDVVRFLDWHGZLWK(DVWHUQ+HP-
lock must adapt or decline, and Hemlock loss will reduce species diversity unless it 
WULJJHUVORQJWHUPVSHFLDWLRQ$GNLQVDQG5LHVNH%HFNHUHWDO<RUNVHW
DODQG)XUWKHUUHVHDUFKWRLGHQWLI\RUJDQLVPVVWURQJO\DVVRFLDWHGZLWK
Eastern Hemlock could help determine which species are most at risk from Hemlock 
ORVV%DLUGHWDO




SDUWO\RIIVHW LIRWKHUHYHUJUHHQVSHFLHV LQFUHDVH :HEVWHUHWDO 1XWUL-
ent cycling will probably change, likely with altered soil organic matter pools 
DQGLQFUHDVHG1PLQHUDOL]DWLRQDQGQLWUL¿FDWLRQ6WDGOHUHWDO6HYHUDO
FRPSDULVRQVH[LVWRIVWUHDPDQG¿VKHU\FKDUDFWHULVWLFVEHWZHHQ(DVWHUQ+HPORFN
IRUHVWV DQG SRWHQWLDO UHSODFHPHQW KDUGZRRG IRUHVWV HJ 5RVV HW DO  EXW
actual impacts likely will remain uncertain until longer-term post-Hemlock assess-
ments are available, including those that have encompassed the effects of major 
VWRUPHYHQWV6LGHUKXUVWHWDO%DVHGRQH[LVWLQJZRUNLPSDFWVWRSRVWLQ-
festation stream characteristics might not be dramatic at every site, especially when 
other evergreen plants colonize those formerly covered by Eastern Hemlock (Rob-
HUWVHWDO 8QGHUVWRU\SODQWFRYHUDQGVSHFLHV ULFKQHVVKDYH LQFUHDVHG
after Eastern Hemlock mortality. However, exotic plant invasion also increases on 
VLWHV WKDW IRUPHUO\ VXSSRUWHG+HPORFN VWDQGV (VFKWUXWK DQG%DWWOHV  DQG
&KDQJHVLQZLOGOLIHDQGLQYHUWHEUDWHVSHFLHVFRPSRVLWLRQODUJHO\DSSHDUWRKDYH
hinged upon interaction between species favoring Eastern Hemlock and those that 
GRQRWIDYRUKDELWDWFRQGLWLRQVFUHDWHGE\+HPORFN,QJZHOOHWDO
National Park Management
 5HVXOWV IURPVWXGLHVRI+:$LQYDVLRQKLJKOLJKWFKDOOHQJHV WKDW WKH136ZLOO
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HW DO¶V  UHYLHZ RI SRWHQWLDO +:$PDQDJHPHQW DFWLRQV ODUJHO\ JHDUHG WR
non-park lands, is useful for illuminating some aspects unique to managing a forest 




1HYHUWKHOHVV VXUYH\V IRU SRWHQWLDOO\ UHVLVWDQW WUHHV DUH ZDUUDQWHG ZLWKLQ SDUNV
HVSHFLDOO\FRQVLGHULQJWKDWSUHHPSWLYHVDOYDJHORJJLQJLVQRWDJRDOLQSDUNV3UH
emptive logging has occurred on private lands, and while this can generate revenue 
for landowners, it reduces the possibility of identifying resistant trees if any popula-
WLRQRULQGLYLGXDOWUHHUHVLVWDQFHKDSSHQVWRRFFXU.L]OLQVNLHWDO,QJZHOO
DQG3UHLVVHUGHVFULEHGDFLWL]HQVFLHQFHSURJUDPLQZKLFKYROXQWHHUVVXUYH\
for potentially resistant Eastern Hemlock trees, and the authors suggested that some 
trees showed resistance to adult HWA. This type of volunteer program can be highly 
applicable in a national park context and is usually a low-cost tool if the only park 
FRPPLWPHQW LV WR SURYLGH FRRUGLQDWLRQ DQG WUDLQLQJ ,QJZHOO DQG3UHLVVHU 
Regardless of whether there are HWA-resistant Eastern Hemlocks, collection of 
genetic material from parks is warranted so that material is available for resistance 
breeding programs and for Eastern Hemlock restoration if HWA can be controlled 
-HWWRQHWDO$PHULFDQ&KHVWQXWUHSUHVHQWVDQH[DPSOHRIDQRQJRLQJSUR-
gram to breed resistance to an introduced damaging agent and illustrates advantages 
and disadvantages of such programs. Trees with genotypes similar to the original 
ZLOGW\SHDUHDYDLODEOHIRUWHVW¿HOGSODQWLQJVEXWWKHLUJHQHWLFVKDYHEHHQDOWHUHG





 &KHPLFDO WUHDWPHQWV KDYH VHUYHG WR NHHS LQGLYLGXDO WUHHV RU VPDOO VWDQGV RI
Eastern Hemlock alive, and their use requires balancing negative, non-target effects 
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RIWKHWUHDWPHQWDQGLWV¿QDQFLDOFRVWYHUVXVFRQVHTXHQFHVRIORVLQJWKHWUHHV.QR-
HSSHWDO7KHLQVHFWLFLGHLPLGDFORSULGLVDUHFRPPHQGHGFKHPLFDOIRU+:$
control. It is either applied to soil, injected into tree trunks, or applied as a foliar 
VSUD\&RZOHV HW DO  WHVWHG VHYHUDO WUXQN DQG VRLO DSSOLFDWLRQVRQ(DVWHUQ
+HPORFNWUHHVLQ&RQQHFWLFXWDQGFRQFOXGHGWKDWVRLODSSOLFDWLRQVUHGXFHG+:$
SRSXODWLRQVE\±IRU!\HDUVEXWQRWUXQNLQMHFWLRQWUHDWPHQWVLJQL¿FDQWO\
reduced HWA. Further research determined the minimum doses required and the 
optimal form (tablets versus powder) of soil-applied imidacloprid that would maxi-
PL]HHI¿FDF\IRU+:$FRQWURODQGPLQLPL]HWKHSRWHQWLDOIRUXQGHVLUHGWUDQVSRUW
WR DTXDWLF HFRV\VWHPV &RZOHV  ,Q WKH VRXWKHUQ$SSDODFKLDQ 0RXQWDLQV
.QRHSSHWDOUHSRUWHGWKDWKRUL]RQWDOPRYHPHQWRILPLGDFORSULGLQVRLOZDV
limited. They found that imidacloprid concentration at canopy drip lines was low 
compared to the concentration near trunks. Their study illustrated that elevation and 
VRLORUJDQLFPDWWHUDQGSRWHQWLDOO\WH[WXUHFDQLQÀXHQFHLPLGDFORSULGUHWHQWLRQLQ
soil among sites.
 *6013LVDQH[DPSOHRIDSDUN WKDWKDVDJJUHVVLYHO\ WUHDWHG+:$-RKQVRQ
HWDO:HEVWHU7KHSDUNKDVXVHGLPLGDFORSULGWRWUHDWRYHU
(DVWHUQ +HPORFN WUHHV VLQFH WKH HDUO\ V LQ SULRULWL]HG DUHDV VXFK DV DORQJ
VWUHDPVWUDLOVURDGVDQGVSHFLDOO\LGHQWL¿HG(DVWHUQ+HPORFNFRQVHUYDWLRQDUHDV
. -RKQVRQ DQG -:HEVWHU*6013*DWOLQEXUJ71 SHUV FRPP7KH SDUN¶V
treatment protocol has evolved over time, and the current preferred method is an 





by soil drench to conserve forest structure. Effectiveness of an individual treatment 
now appears to last longer than previously thought. The park believes that treat-
ments effectively control HWA for 5 years and possibly as long as 8 years before 
re-treatment is necessary to keep HWA populations low (J. Webster, pers. comm.). 
If water is unavailable at treatment sites, the park uses imidacloprid tablets placed 
in soil around tree trunks. 
 &RXQWOHVVXQWUHDWHG(DVWHUQ+HPORFNWUHHVKDYHGLHGWKURXJKRXWWKH*6013
and given limited resources for treatment, it is not feasible to treat all trees within 
WKHSDUN3DUNVWDIIYLHZFKHPLFDOWUHDWPHQWVDVDZD\WRPDLQWDLQVRPHSULRULW\
Eastern Hemlock stands and as a strategy to buy time until other chemical or bio-
control treatments are developed, or other processes limit the spread and impact of 
HWA (K. Johnson and J. Webster, pers. comm.). In addition to continuing treatment 
of currently treated stands, the park is interested in assessing and treating some 
KLJKHOHYDWLRQ(DVWHUQ+HPORFNVWDQGVWKDWRFFXUDERYHP:HEVWHU
HWA populations might be limited by cold temperatures at these sites, and Eastern 
Hemlock conservation zones could be strategically expanded there.
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+HPORFNWUHHVZLWKLQVHFWLFLGH5$(YDQV':*15$0LOIRUG3$SHUVFRPP
Developed visitor-use areas have been prioritized for treatment to prevent Eastern 
+HPORFNWUHHVIURPGHFOLQLQJDQGEHFRPLQJKD]DUGWUHHV7KHSDUN¶VVHFRQGSUL-
ority has been treating riparian Eastern Hemlock forests to protect streams from 
ORVVRI¿VKHULHVKDELWDWSUHYHQWVWUHDPEDQNHURVLRQDQGPDLQWDLQZDWHUTXDOLW\
In upland areas, the preferred treatment method is imidacloprid tablet application 
to soil around Hemlock trunks (R.A. Evans, pers. comm.). The number of tablets 
applied increases with the square of the DBH of the tree (in inches), such that the 
number of tablets equates to DBH IRU WUHHV!FP  LQ LQ'%+7KXV D
FP LQ'%+ WUHH UHTXLUHV  WDEOHWV FRVWLQJ ± WRWDO IRU WKH WDEOHWV
These chemical costs are greater than for a soil drench, but tablet applications do 
not require mixing with water and are faster, safer, and cheaper to apply compared 
to a soil drench at this park (R.A. Evans, pers. comm.). Trees in riparian areas and 
near surface water are treated with imidacloprid stem injections, which cost about 
WLPHVDVPXFKDV WDEOHWDSSOLFDWLRQIRU WKHVDPHVL]H WUHH$VDW*6013 WKH
park is concerned about both non-target effects of the treatment and consequences 
RIOHDYLQJ(DVWHUQ+HPORFNWUHHVXQWUHDWHG(YDQV.H\FKDOOHQJHVIDFLQJ
park managers regarding use of chemical treatments include: identifying priority 
WUHDWPHQWVLWHVWRPD[LPL]HEHQH¿WIURPOLPLWHGUHVRXUFHVLGHQWLI\LQJQRQWDUJHW
HIIHFWVDQGZHLJKLQJWKHPDJDLQVWWKHHIIHFWVRI(DVWHUQ+HPORFNORVVDQGEDODQF-
ing time and effort for chemical treatment with development of other treatments or 
ORQJHUWHUPPDQDJHPHQWLQWHUYHQWLRQV(YDQVDQG6FKUHLQHU
Biocontrol
 Biocontrol is the release of predators or damaging agents, usually from the 
homeland of the organism targeted for treatment, to reduce a target organism in its 
LQWURGXFHGKDELWDWYDQ/HQWHUHQHWDO,QWKH86WKHSURFHVVRISUHSDULQJ
ELRFRQWUROVRFFXUVXQGHUWKH'HSDUWPHQWRI$JULFXOWXUH¶V$QLPDODQG3ODQW+HDOWK
,QVSHFWLRQ 6HUYLFH $3+,60RQWJRPHU\  3RWHQWLDO ELRFRQWURO DJHQWV DUH
XVXDOO\¿UVWVFUHHQHGE\H[DPLQLQJRUJDQLVPVDVVRFLDWHGZLWKDWDUJHWRUJDQLVPLQ
LWVQDWLYHKDELWDW1H[WIHHGLQJWULDOVWRGHWHUPLQHIRRGSUHIHUHQFHVRIDSRWHQWLDO
biocontrol for the target organism and some non-target organisms are conducted 
in a controlled environment. If a biocontrol agent is authorized for release, the 
organism is released into the wild and researchers evaluate its ability to become 
HVWDEOLVKHGYDQ/HQWHUHQHWDO0RQWJRPHU\(YDOXDWLRQVRIIXOOHFR-
system effects of a biocontrol organism are rarely available, but there are numerous 
examples of biocontrols that have reduced the populations of their target organism 
9DQ'ULHVFKHHW DO $ELRFRQWUROSURJUDP LV FRQVLGHUHG VXFFHVVIXO LI WKH
cost and time (often decades) required for development and potential negative 
non-target effects are offset by reductions in the target organism compared to doing 
nothing or implementing other types of treatments. 
 %HFDXVHE\GH¿QLWLRQELRFRQWURO LQYROYHV UHOHDVHRIRQHRUPRUHQRQQDWLYH
organisms, numerous authors have noted the care with which biocontrol programs 
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ecosystems cannot be fully known until they are actually occurring (Simberloff 
DQG 6WLOLQJ  YDQ /HQWHUHQ HW DO  7KH OLNHOLKRRG WKDW D ELRFRQWURO
organism will have immediate undesired effects, longer-term undesired effects 
(e.g., switching food sources to native species if the target organism is reduced 
by the biocontrol), or evolve to become invasive organisms themselves cannot be 
completely dismissed a priori, but the possibilities can be reduced through careful 
pre-release WHVWLQJYDQ/HQWHUHQHWDO
 %LRFRQWURO FXUUHQWO\ UHSUHVHQWV D FRQXQGUXPZLWKLQ136PDQDJHPHQW SROLF\
136,QWHJUDWHG3HVW0DQDJHPHQW&RRUGLQDWRUVLQWKH136KDYHGLVFUHWLRQ









porous to biocontrol spread such that biocontrols may inhabit parks whether or not 
released in parks. 
 1XPHURXVELRFRQWUROVSHFLHVKDYHEHHQUHOHDVHGLQ1RUWK$PHULFDDVDWWHPSWV
WR FRQWURO +:$ 0RQWJRPHU\  DQG LW VKRXOG EH UHFRJQL]HG WKDW WKLV KDV
resulted in further exotic species introductions. Exotic species were needed as 
ELRFRQWUROVEHFDXVHSUHGDWRU\LQVHFWVQDWLYHWRHDVWHUQ1RUWK$PHULFDKDYHQRWFR
evolved with HWA, are not specialists on HWA, and have not kept HWA densities 
VXI¿FLHQWO\ORZWRSUHYHQWGHDWKRI(DVWHUQ+HPORFN+DYLOOHWDO$PDMRU
FXUUHQWFKDOOHQJH LVDOORZLQJVXI¿FLHQW WLPHIRUFDUHIXO¿HOG WULDOVEXWVWLOOPRY-
ing biocontrol programs forward while some living Eastern Hemlock trees remain 
9RVHHWDO
 +DYLOOHWDOUHSRUWHGRQDQXQLQWHQGHGRXWFRPHWKDWLVDOUHDG\HYLGHQW




have not fully recovered from HWA infestation. Laricobius rubidus /H&RQWH
(Tooth-necked Fungus Beetle) is the only member of the genus endemic to eastern 











2014 Vol. 13, Special Issue 6
 Laricobius nigrinus, Laricobius osakensis Montgomery, Sasajiscymnus tsugae 
6DVDML0F&OXUHScymnus coniferarum &URWFKScymnus sinuanodulus <XDQG<DR




choices regarding the use of biocontrol agents in parks because other treatments 
such as insecticides are not feasible to conduct over large areas, and when they are 
XVHGWKH\FDQLQGXFHQRQWDUJHWHIIHFWVGRLQJQRWKLQJLHOLNHO\DOORZLQJKHP-
locks to die) would also have major effects. Because Eastern Hemlock-dependent 
RUJDQLVPVKDYHQRWEHHQIXOO\LGHQWL¿HGZLWKLQSDUNVWKHUHLVQRZD\WRDFFXUDWHO\
predict potential non-target impacts of biocontrols, nor, conversely, the full impacts 
of Eastern Hemlock extirpation. Moreover, park boundaries are porous to biocon-
trol organisms and parks are likely to contain the organisms whether or not they 
are released directly within parks. This fact has led parks to release biocontrols for 
HWA: parks would receive any non-target impacts of biocontrols regardless, but by 
UHOHDVLQJELRFRQWUROVLQSDUNVWKHSDUNVFRXOGUHFHLYHEHQH¿WVIDVWHU5$(YDQV
pers. comm.). As an overall strategy for biocontrol and forest health, careful analy-
sis and monitoring of tradeoffs of biocontrols versus other treatments (including 
doing nothing), while also ensuring that potential replacement tree species (e.g., 
(DVWHUQ:KLWH3LQHDUHQRWKDUPHGVHHPVSUXGHQW
Facilitate adaptation
 Eastern Hemlock has already been lost from appreciable areas of parks, and 
several strategies could help ecosystems adapt to current and potential Eastern 
Hemlock losses. A major principle in conservation biology is that minimiz-
LQJ RWKHU VWUHVVRUV FDQ LQFUHDVH DQ LQGLJHQRXV HFRV\VWHP¶V DELOLW\ WR DGDSW WR D
SULPDU\ VWUHVVRU /RYHWW HW DO $FWLRQV WKDWPD\ SURPRWH DGDSWDELOLW\ RI
ecosystems formerly dominated by Eastern Hemlock could include, but are not 
limited to, reducing invasion of exotic plant species, maintaining soil health (e.g., 
limiting effects of pollution deposition), limiting unnatural levels of herbivory 
such as those caused by overabundance of White-Tailed Deer, and protecting 
DQGSURPRWLQJFRORQL]LQJQDWLYHSODQWVSHFLHV:HEVWHUHWDO:LWKRSHQ
canopy conditions after Eastern Hemlock mortality, invasion by exotic plants has 
DOUHDG\EHHQUHSRUWHGLQ':*15$(VFKWUXWKDQG%DWWOHVDQGLWLVXQFOHDU
if invasive species will persist and for how long. Management treatments have 
JHQHUDOO\UHGXFHGWDUJHWH[RWLFSODQWVSHFLHVLQORFDOL]HGSURMHFWVRQ136ODQGV
but park-wide effectiveness remains uncertain as does long-term effectiveness 
DWFRQWUROOLQJPXOWLSOHLQYDVLRQV$EHOOD(VFKWUXWKDQG%DWWOHVUH-
ported that intensive herbivory by White-Tailed Deer has significantly influenced 
WUDQVLWLRQV LQ SRVW+:$ IRUHVWV LQ':*15$ZKHUH'HHU GHQVLWLHV H[FHHG 
DQLPDOVNP . Reduced White-Tailed Deer herbivory may correspond with in-
creased opportunity for tree recruitment and establishment of understory plants, 
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 Many of the tree species colonizing former Eastern Hemlock sites are deciduous 





through planting or other means. This approach, however, poses a dilemma, be-
FDXVHD¿UVWVWHSLQGHDOLQJZLWK+:$LPSDFWHGDUHDVPLJKWLGHDOO\EHWRPRQLWRU
what plant species colonize former hemlock sites to evaluate whether management 
intervention is needed or desirable. However, taking the time to monitor sites prior 
to implementing managment could result in lost opportunities as the initial years 
during and after hemlock mortality might afford the most amenable window to 
establish desired vegetation. Experimentation and adaptive management would 
likely be needed to identify optimal techniques and species for assisting tree estab-
lishment. Eastern Hemlock habitats are specialized, and sites formerly vegetated 
E\+HPORFNZLOOKDYHXQLTXHVRLOSURSHUWLHVVXFKDVWKLFNDFLGLF2KRUL]RQVWKDW
FRXOGDIIHFWSODQWUHFUXLWPHQW)LQ]LHWDO
 6RPHDGDSWDWLRQVWUDWHJLHVGLVFXVVHG LQ9RVHHWDO SULPDULO\IRUQRQ
136 ODQGV LOOXVWUDWH VRPH SRWHQWLDO VLPLODULWLHV DQG GLIIHUHQFHV IRU DSSOLFDWLRQ
RQ136 ODQGV)RUH[DPSOH9RVHHW DO GLVFXVVHG LQWURGXFLQJH[RWLF WUHH
VSHFLHVVXFKDVWKRVHIURP+:$¶VQDWLYHUDQJHWKDWDUHUHVLVWDQWWR+:$DWOHDVW
within their native range, to attempt to mimic functions provided by Eastern Hem-
lock. The authors acknowledged that public acceptance of intentionally introducing 
(more) exotic species to public lands is uncertain, and it should also be noted that 
introducing exotic trees might interfere with colonization by native trees and may 




Eastern Hemlock genetic material for potential resistance breeding programs, or 




tive species when natural processes have been interrupted. Such control measures 






is debatable because this species could perform some of the functions of Eastern 
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Leverage existing National Park Service programs
 7KH 136 KDV VHYHUDO SURJUDPV WKDW FRXOG SURYLGH VXSSRUW WR SDUNV PDQDJ-
LQJ +:$ DQG SRVWLQIHVWDWLRQ FRQGLWLRQV 7KH ([RWLF 3ODQW0DQDJHPHQW 7HDP
SURJUDPKHOSVSDUNVFRQGXFWWUHDWPHQWVIRUH[RWLFSODQWV)UDOH\HWDODQG
may be a valuable resource for reducing exotic plant invasions already noted as 
DFRQFHUQ LQSRVW+:$IRUHVWV (VFKWUXWKDQG%DWWOHV7KH136DOVRKDV
a network of native-plant nurseries, housed at some parks or in collaboration 
ZLWKRUJDQL]DWLRQVVXFKDV1DWXUDO5HVRXUFHV&RQVHUYDWLRQ6HUYLFHSODQWPDWHUL-
als centers, which could be sites for collecting and processing Eastern Hemlock 
genetic material and growing native plants for facilitated establishment on HWA 
VLWHV 7KH ,QWHJUDWHG 3HVW 0DQDJHPHQW 3URJUDP FRXOG SURYLGH QXPHURXV VHU-
vices, such as supporting scientific evaluations of specific biocontrol agents that 
ZRXOGLQIRUPGHYHORSPHQWRISDUNPDQDJHPHQWSROLFLHVHJ+DYLOOHWDO
and help parks balance tradeoffs resulting from a range of management alterna-
WLYHVUHSUHVHQWLQJGLIILFXOWGHFLVLRQV9RVHHWDO7KH9HJHWDWLRQ,QYHQWRU\
3URJUDPHVWDEOLVKHVYHJHWDWLRQVDPSOLQJSORWV DFURVVSDUNV WRSURGXFHPDSVRI
current vegetation and could represent a major source of reference information 
on distribution and composition of Eastern Hemlock Forest communities (Jenkins 
0RUHRYHU WKH LQYHQWRU\SORWVFRXOGEHFRPH ORQJWHUPPRQLWRULQJSORWV
To enhance utility, it is important to follow key vegetation-sampling principles 
such as using consistent sampling-unit sizes across sites to allow comparisons 
and employing unbiased sampling, which can be done in a stratified framework 
WRPD[LPL]H XVH RI OLPLWHG UHVRXUFHV 3HHW DQG5REHUWV 0XFK KDV EHHQ




transitions in the aftermath of HWA and monitor effectiveness of management 
treatments such as facilitated colonization of native species. Moreover, a key 




on forest composition, these scenarios must include multiple factors (e.g., other 




 0DQDJHPHQW RI+:$DQG LWV LPSDFWV RQ SDUNVZRXOG OLNHO\ EHQH¿W IURP LQ-
creased understanding of baselines for comparison, both for identication of Eastern 
Hemlock-dependent species and for evaluating management alternatives. Baird 
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VREHULQJLQWKDWHYHQSDUNVVXFKDV*6013YLVLWHGE\RYHUPLOOLRQSHRSOHDQ-
nually could lose Hemlock-associated species before the species have even been 
GLVFRYHUHG,WPD\EHGLI¿FXOWWRGHYHORSDGDSWDWLRQVWUDWHJLHVZLWKRXWXQGHUVWDQG-
ing the degree of dependence of organisms on Eastern Hemlock, their capacity to 
adapt to using other habitat types when Hemlock dies, or their ability to persist 
with chronic exposure to treatment regimes aimed at maintaining Hemlock. When 
evaluating management options, it is useful to use potential replacement forests 
(often deciduous forests) as a likely outcome of some management strategies and 
assess that outcome as a basis for comparision with management actions that seek 
to preserve intact Eastern Hemlock forests, which are unlikely to be maintained 
LQPDQ\DUHDV 5REHUWVHWDO)RUH[DPSOHSRWHQWLDOQRQWDUJHWHIIHFWVRI
chemical treatments for HWA should probably be compared against a baseline that 
LQFOXGHVDIRUHVWZLWKRXW(DVWHUQ+HPORFN)DOFRQHDQG'H:DOG
 3RWHQWLDOIRULQWURGXFHGIRUHVWGDPDJLQJDJHQWVWRVLQJO\LQÀXHQFHDQGLQWHUDFW
with other factors to affect future forest composition of parks warrants increased 
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haps for several future centuries.
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